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A B S T R A C T

Titania (TiO2) is one of promising photo catalysts for its high ability to resistant photo corrosion 
and environmental friendliness, but its photocatalytic activity is too low to be used in industry. To 
find an approach to solve this problem, graphene oxide (GO), tungsten trioxide (WO3) and TiO2 
composite with hollow mesoporous structure was prepared by a two-step spray drying method. 
The composite was used as raw material to constitute a membrane onto ITO glass to form a 
membrane photo-anode. In this way, its photo-electrocatalytic property was tested. The 
morphology, crystal phase, microstructure and specific surface area of the composite were 
characterized by SEM, XRD, TEM and BET, respectively. The surface potential distribution and 
optical property of the anode were measured by a Kelvin Probe Force Microscopy and a Fs-5 
Steady-State Fluorescence Spectrometer, respectively. The forbidden bandwidth of the GO- 
WO3/TiO2 composite is 2.30 eV, which is much lower than that of the WO3/TiO2 composite, 2.92 
eV. When the content of GO in the anode is around 1 wt%, its light absorption ability is the best 
among all the anodes with different contents of GO, and its photocatalytic ability to degrade 
methyl orange is the strongest as our experiments concerned. These findings indicate that the 
addition of GO into the WO3/TiO2 composite can improve its photo-electrocatalytic property. The 
construction of membrane photo-anode is an efficient approach to solve the problem of the re-
covery and secondary utilization of nanoscale powder in water treatment.

1. Introduction

Semiconductor photocatalytic technology can directly convert inexhaustible solar energy into chemical energy with a pollution- 
free manner at room temperature, this can alleviate simultaneously two major problems: energy crisis and environmental pollu-
tion. Its reaction process is mostly carried out at room temperature and ordinary pressure, so it is considered as the most ideal clean 
energy production and environmental governance technology [1–7]. Semiconductor photo-electrocatalytic technologies containing 
both advantages of photocatalysis and electrocatalysis have attracted a lot of attention in recent years. A bias voltage can facilitate a 
photocatalytic reaction through the effective separation of the photo-induced electron-hole pairs excited from semiconductor [8–10]. 
This result from a synergistic effect between photocatalysis and electrocatalysis of the semiconductor has attracted much attention all 
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over the world.
Titanium dioxide (TiO2) is considered as one of the most promising photocatalysts with application prospect for its superior 

dielectric effect, good chemical stability, and environmental friendliness [11–18]. However, its low utilization rate of sunlight, high 
recombination rate of photo-induced electron-hole pairs, and difficulty for its recycling and reusing, need to be overcome as concerned 
in practical application [19–22]. Therefore, how to expand its adsorption range for sunlight, suppress its recombination rate of 
photo-induced electron-hole pairs, and create an approach for its effective recycling and reusing are interesting and valuable topics in 
recent years. The WO3/TiO2 composite with a hetero-junction structure between WO3 and TiO2 can expand the spectral response range 
of TiO2 under the irradiation of sunlight [23], facilitate its transport of photo-induced electrons and holes between different energy 
levels, contribute to its effective separation of photo-induced carriers, improve its photocatalytic efficiency, and exhibit good pho-
tocatalytic activity under the irradiation of sunlight [24–27]. However, because of the poor conductivity of WO3 and TiO2, the 
transportation of photo-induced electrons and holes is hindered between two them. Therefore, it is necessary and valuable to find an 
approach to solve this problem, and to facilitate its efficient separation of photo-induced carriers.

Graphene oxide (GO) has excellent mechanical and electrical properties. And as one of carbon materials with large specific surface 
area and strong affinity, its oxygen-containing surface functional groups can adsorb pollutant effectively and facilitate the efficient 
transfer of photo-induced carriers [28–30]. Inspired by these, WO3/TiO2 composites with hollow mesoporous structure and large 
specific surface area were fabricated according to the process reported in reference [31]. After modified by GO, the composites were 
used as raw materials to prepare membrane photo-anodes onto ITO to test their photo-electrocatalytic properties. And the 
enhancement of the photo-electrocatalytic ability of the composites modified by GO, and the relationship between their microstructure 
and photo-electrocatalytic property were reported for the first time. Furthermore, a novel approach to improve the 
photo-electrocatalytic property of the GO-WO3/TiO2 composite, and recover and reuse nanoscale powders during a 
photo-electrocatalysis was proposed.

2. Experimental

2.1. Fabrication of WO3/TiO2 composite

5 g of titanyl sulfate, 2.8 g of ammonium metatungstate (AMT) and appropriate amount of citric acid were added into deionized 
water at room temperature to get a muddy liquid. The liquid was stirred sufficiently to dissolve all the titanyl sulfate to get a clear 
solution. A suitable amount of ammonia water (NH3⋅H2O) was added dropwise into the solution to adjust its pH value to 7 while 
stirring at a speed of 500 r•min− 1, and then the solution was put aside statically for another 12 h. After that, the solution was sent into a 
spray-dryer at an inlet temperature of 200 ◦C, a solution flow of 800 mL•h− 1 and an air pressure of 0.35 MPa. In this way, the precursor 
of TiO2/WO3 powder was fabricated, and put into a thermostatic box resistance furnace to be calcined at 500 ◦C for 2 h to get TiO2/ 
WO3 composite. The temperature of the precursor, 500 ◦C, and its content of WO3, 5 % molar percentage, were set according to 
reference 31, in which the excellent property of WO3/TiO2 composite was reported.

2.2. Preparation of graphene oxide (GO)

GO was prepared by a modified Hummers’ method. In detail, 20 mL of phosphoric acid and 180 mL of sulfuric acid were added into 
a clean round-bottom flask under a cryogenic water bath. The mixed acidic solution was stirred in the flask for 30 min at first, and 1.5 g 
of graphite powder was added into the solution and stirred for another 30 min to get a dispersion liquid, then 9.0 g of potassium 
permanganate was slowly added into the liquid while stirring. After that the temperature of the liquid was adjusted to 35 ◦C and stayed 
at this temperature for 30 min while stirring, then the temperature was raised to 50 ◦C and kept at this temperature for 12 h while 
stirring, and 150 mL of ice water was slowly added into the liquid to stop reaction. Finally, 3–4 mL 30 % H2O2 was added until the 
liquid in the flask turned golden brown. After put it aside statically for 12 h, the liquid was washed and settled with dilute hydrochloric 
acid at a concentration of 10 wt%. In this way, liquids containing different amounts of GO were gotten, and GO dispersions were 
obtained by centrifuging the precipitate of the liquids at a high-speed, and washing the GO dispersions with dilute hydrochloric acid 
(10 wt% concentration) for six times (until the supernatant pH = 5).

2.3. Preparation of GO-WO3/TiO2 composite

1 g of the WO3/TiO2 composite and a corresponding amount of GO dispersion were added into deionized water to get a suspension. 
After stirring ultrasonically for 30 min, the pH of the suspension was adjusted to 7 with dilute ammonia water at a concentration of 3.0 
wt%. Then it was spray dried at an inlet temperature of 200 ◦C, a material flow of 800 mL•h− 1 and an air pressure of 0.35 MPa. In this 
way, GO-WO3/TiO2 composites with different graphene oxide contents, 0.5 wt%, 1.0 wt%, 1.5 wt% and 2.0 wt%, were prepared.

2.4. Preparation of membrane photo-anode

Firstly, an ITO conductive glass ultrasonically cleaned with dish soap, acetone, ethanol, and deionized water for 10 min step by 
step, and then dried naturally. A suitable amount of WO3/TiO2 or GO-WO3/TiO2 composites was mixed homogeneously with an 
appropriate amount of N-methylpyrrolidone and polyvinylidene fluoride in a mortar, and then it was ground evenly to get a homo-
geneous slurry. The slurry was coated onto the ITO conductive glass by a scraping and coating method to get a membrane photo-anode. 
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The anode was dried at room temperature, and then placed in a thermostatic box resistance furnace to be calcined at 200 ◦C for 2 h.

2.5. Characterization

The crystal structures of the membrane photo-anodes were tested by X ′PertPro X-ray diffractometer (PANalytical Company). 
During the testing process, X-ray source was Cu Kα ray (λ = 0.154056 nm), tube current was 40 mA, tube voltage was 40 kV, and step 
size was 0.04◦. Their morphologies were observed using a Hitachi S-4700 II field emission scanning electron microscope. Their mi-
crostructures and crystal plane spacings were characterized using a Tecnai G2 model F30 high resolution transmission electron mi-
croscope. Their Kelvin probe force microscopy (KPFM) was performed using a Nanoscope V Multimode 8 scanning probe microscope 
(Bruker Corporation). Raman spectroscopy was performed to obtain information about the vibration modes of its molecules. Their 
specific surface areas and pore size distributions were measured by ASAP2020 automatic physiochemical adsorption instrument 
(Micrometrics Company) with N2 adsorption medium at 77 K. Fs-5 Steady-State Fluorescence Spectrometer was used to investigate the 
recombination of photo-generated carriers. Their diffuse reflectance spectra were obtained in UV2550 UV–visible spectrophotometer 
(SHIMADZU Company) with BaSO4 white powder as a substrate.

2.6. Photocatalytic activity

The photoelectric conversion properties of the membrane photo-anodes were measured with a three-electrode system, in which the 
anode was used as work electrode, a platinum plate was used as counter electrode and a saturated calomel electrode was used as 
reference electrode. A 250 W single-hole xenon lamp was used as a light source to irradiate the anode after being filtered by a leaf of 
400 nm to get rid of UV light. During the measurement, a sodium sulfate (Na2SO4) aqueous solution at a concentration of 0.5 mol•L− 1 

was used as electrolyte. A bias voltage of 0.5 V was applied during transient photocurrent test.
The measuring process of the photocatalytic property of the anode is almost the same as that of photoelectric conversion property. 

Methyl orange (MO) solution at a concentration of 10 mg•L− 1 was used as a simulated pollution. The photo-electrocatalysis was 
carried out under a bias voltage of 0.5 V. After a defined interval of light irradiation, 3 mL of the solution was fetched to measure its 
absorption photo-spectrum with a UV–vis spectrophotometer, and according to the relationship between absorbance and solution 
concentration, the relationship obeys the Bougue-Lambert-Beer law, the degradation rate (η) of MO can be estimated from the 
absorbance change of MO solution: η (%) = 1- (c/c0) = 1- (At/A0), where c is the immediate concentration of the solution degraded for a 
defined time (t); c0 is the initial concentration of MO solution; A0 is the initial absorbance of the solution; At is the immediate 
absorbance of the solution degraded for a defined time (t) under the irradiation of a light wavelength of 464 nm. According to the final 
value of c/c0, the photo-electrocatalytic degradation rate of the photoelectric electrode for MO can be evaluated.

Fig. 1. The SEM images of the GO-WO3/TiO2 composite with 1.0 wt% of GO (a) the section of photo-anode; (b) and (c) the morphology of the 
composite; (d) the surface structure of WO3/TiO2 microsphere; (e) and (f) the interior structures of WO3/TiO2 microsphere.
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3. Results and discussion

3.1. Scanning electron microscopy

Fig. 1 shows the SEM images of 1.0 wt% GO-WO3/TiO2 membrane photo-anode. From Fig. 1a, it can be clearly seen the cross- 
section of the anode. After GO modification, the particle morphology of the GO-WO3/TiO2 composite still maintains a regular 
spherical shape with a diameter ranging from 0.5 to 3.0 μm, as exhibited in Fig. 1b. The surface of the WO3/TiO2 microsphere becomes 
rough, GO distributes on its outer surface and connected different WO3/TiO2 microspheres, as shown in Fig. 1c and d. These findings 
show that GO modifies the surface of WO3/TiO2 microsphere successfully. The oxygen-containing functional group of GO can interact 
with the surface group of the WO3/TiO2 microsphere during the spray drying process, resulting in GO disperses and combines tightly 
on the outer surface of the WO3/TiO2 microsphere [33]. The interior structure of the WO3/TiO2 microsphere of the anode is shown in 
Fig. 1e and 1f is a partial enlargement of Fig. 1e. From these two images, one can see it clearly that the structure of the microsphere is 
hollow with some channels connecting outside space. Furthermore, it is obviously that a mesoporous structure exists in the shell part of 
the microsphere, as shown in Fig. 1f. Based on these findings, one point can be concluded that the structure of the microsphere is 
hollow mesoporous.

3.2. Transmission electron microscopy

Fig. 2 shows the TEM images of the GO-WO3/TiO2 membrane photo-anode containing 1.0 wt% of GO. From Fig. 2a, it can be clearly 
seen that the microsphere structure of the anode is porous, the diameter of the microsphere ranges 0.3–0.5 μm, and one material lies 
between two microspheres and connects them. According to the results of SEM images (Fig. 1c), this material is GO. This finding 
indicates that GO acts as a bridge between two microspheres and connects them very well in the membrane photo-anode. Fig. 2b shows 
the enlarged edge of the microsphere, from which more obvious pore structure and the presence of GO on the microsphere edge can be 
clearly observed. Fig. 2c and d are HRTEM images of the microsphere. From Fig. 2c, the pore structure and the curling phenomenon of 

Fig. 2. The TEM images of the GO-WO3/TiO2 composite containing 1.0 wt% of GO. (a) morphology; (b) the surface structure of WO3/TiO2 
microsphere; (c) the local structure of WO3/TiO2 microsphere; (d) the lattice spacings of different crystallites.
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GO edge can be clearly seen, and some regular lattice fringes can be seen in Fig. 2d, from which two crystal plane spacings, 0.365 nm 
and 0.378 nm, can be obtained and assigned to the (200) and (002) crystal planes of WO3, respectively. The crystal plane spacing of 
0.351 nm and 0.324 nm can be assigned to anatase (101) and rutile (110) crystal plane, respectively.

Fig. 3 shows the EDS and STEM-EDS Mapping images of the anode containing 1.0 wt% of GO. Fig. 3a shows its EDS analysis results, 
from which one can see that its chemical elements include Ti, W, O and C, and their average contents are as shown in Table 1. They are 
selected to make STEM-EDS Mapping pseudo-color maps, and their distributions are shown in Fig. 3b–d. From Fig. 3b and c, it can be 
clearly seen that the distribution range of element C is basically the same as that of the microsphere, indicating C element distributes 
uniformly on the outer surface of the WO3/TiO2 microsphere. The distribution ranges of O, Ti and W elements are relatively narrow 
compared with that of the WO3/TiO2 microsphere, and are basically consistent with its contour as shown in Fig. 3d and e, respectively. 
These findings demonstrate that the material at the edge of the microsphere is GO, coating the outer surface of the WO3/TiO2 
microsphere. These results are consistent with the SEM results. The result of XRF shows the purity of 1.0 wt% GO-WO3/TiO2 composite 
in S-Fig. 2.

3.3. Kelvin probe force microscopy

Fig. 4 shows the height sensor images and corresponding potential curves of KPFM at different sites of the GO-WO3/TiO2 membrane 
photo-anode containing 1 wt% of GO. The AFM images of the anode at different sites are shown in Fig. 4a, b and 4c, and the section 
curves of the surface potential along the lines as symbolized in Fig. 4a, b and 4c are presented in Fig. 4d, e and 4f, respectively. 
Combined the section curves of the surface potential to their corresponding AFM images, it is obviously that the brighter area cor-
responds to higher potential, while the darker area corresponds to lower potential. These phenomena can be attributed to electron 
transfers from high potential to low potential, which results in photo-induced electrons transfer from brighter area to darker area. 
These findings demonstrate that photo-induced electrons transfer from WO3/TiO2 to GO, enhancing the separation of the photo- 
induced carriers and prolonging their life-time effectively.

3.4. X-ray diffraction

Fig. 5a shows the XRD patterns of 1.0 wt% GO-WO3/TiO2 composite. The diffraction peaks at 2θ = 23.2◦, 23.7◦ and 24.4◦ in the 
XRD curve of the composite can be attributed to the (002), (020) and (200) crystal planes of WO3 (PDF 01-072-1465), respectively. The 
diffraction peaks at 2θ = 25.4◦, 37.9◦ and 48.3◦ can be assigned to the (101), (004) and (200) crystal planes of anatase (PDF 01-089- 
4921), respectively, and that at 2θ = 27.1◦, 36.0◦, 54.2◦ can be attributed to the (110), (101) and (211) crystal planes of rutile (PDF 01- 
076-0318), respectively.

The XRD patterns of GO-WO3/TiO2 composites with different contents of GO are shown in S-Fig. 1, in which the diffraction peak at 
2θ = 9.8◦ on the XRD curve of GO can be attributed to the (002) crystal plane of GO [32]. The diffraction peaks of GO-WO3/TiO2 
composites with different contents of GO are almost the same as those of the WO3/TiO2 composite. This finding shows that the crystal 

Fig. 3. The STEM-EDX (a) Mapping (b–f) images of the GO-WO3/TiO2 composite containing 1.0 wt% of GO.
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phases of WO3 and TiO2 in the composite do not change significantly after GO modification. Moreover, there is no obvious GO 
diffraction peak can be observed in the XRD patterns of the composites. This phenomenon may be related to the fact that the GO 
modified by spray dried is uniformly dispersed on the outer surface of WO3/TiO2 microsphere at 200 ◦C, and its small layer thickness 
does not exhibit diffraction. The average diameter of the crystalline in the composite can be estimated according to Scherrer Formula: 
D = K⋅γ/(β⋅cos θ), in which D is the average diameter of crystal; K is the Scherrer constant; γ is the X-ray wavelength; β is the half-height 
width of a corresponding diffraction peak; θ is the Bragg diffraction angle. Based on the above formula, the average diameter of the 
crystallite particles in all samples was estimated in nanometers. The results are shown in S-Table 1.

3.5. Raman spectra

The Raman spectra of the WO3/TiO2 and GO-WO3/TiO2 composites are displayed in Fig. 5b, in which the absorption peaks in the 
curve of the WO3/TiO2 microsphere at 391 cm− 1, 516 cm− 1 and 636 cm− 1 are correspond to the characteristic vibration peaks of B1g, 
A1g and E2g of anatase, respectively. The absorption peak at 806 cm− 1 corresponds to the characteristic vibration peak of the O-W-O 
bond of WO3. From Fig. 5b, one can see clearly that the characteristic absorption peaks of TiO2 and WO3 in the curve of the GO-WO3/ 
TiO2 composite are basically the same as that of the WO3/TiO2 composite, and their absorption peaks at 1346 cm− 1 and 1596 cm− 1 can 
be attributed to the D and G peaks of GO. Generally, the intensity ratio of peak D to peak G (ID/IG) is used to measure the defect degree 
in carbon materials [32]. Accordingly, the ID/IG ratios of the GO-WO3/TiO2 composites containing 0.5 and 1.0 wt% of GO can be 
estimated, and are 1.44 and 1.27, respectively. The decreasing of the ID/IG ratio of the composites indicates the percentage decreasing 
of carbon atom with sp3 hybridization in graphene, and the increasing of the graphitization degree in the composites [33]. This implies 

Table 1 
The elements content (at %) of the composite gained form EDS analysis.

Composite O (at %) C (at %) Ti (at %) W (at %)

1.0 wt% GO-WO3/TiO2 50.44 29.07 19.51 0.97

Fig. 4. The AFM images (a, b, c) and corresponding potential curves (d, e, f) of KPFM of the GO-WO3/TiO2 composite containing 1.0 wt% of GO.

Fig. 5. The XRD patterns of the 1.0 wt% GO-WO3/TiO2 composite (a); Raman spectra of WO3/TiO2 and GO-WO3/TiO2 composites with different 
contents of GO (b); Fluorescence emission curves of GO-WO3/TiO2 composites with different contents of GO (c).
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that the graphitization degree is larger for the GO-WO3/TiO2 composite containing 1.0 wt% of GO. These findings imply that partial 
GO in the composite containing 1.0 wt% of GO graphitized, resulting in a decrease of GO compared to the initial amount added for the 
formation of the composite. It also can be seen from Fig. 5b that the curve of the GO-WO3/TiO2 composite drops sharply compared with 
that of the WO3/TiO2 composite. This can be attributed to the absorption effect of GO on the microsphere surface of the composites.

3.6. PL spectra

To investigate the charge-transfer property of the GO-WO3/TiO2 membrane photo-anode, its PL spectra are obtained and shown in 
Fig. 5c. When GO was added in the anode, the PL intensity was reduced significantly. This can be explained by a change in the bandgap 
after the addition. In this case, GO acts as an electron-hole transition site and effectively facilitates the transfer of photo-induced 
electron from the valence band of TiO2 to its conduction band [35]. Thus, the separation rate of photo-induced electron and hole is 
effectively enhanced and their direct recombination is inhibited. As can be seen from Fig. 5c, as the percentage of GO increases, the 
fluorescence intensity of the GO-WO3/TiO2 anodes decrease firstly and then increase. These findings indicate that the recombination 
rate of photo-induced electron-hole pairs decrease firstly and then increase. In detail, when the percentage of GO in the anode is 1 wt%, 
its fluorescence intensity is the lowest. This finding indicates that its optical property is the best among all the anodes with different GO 
contents.

3.7. XPS spectra

XPS spectra of 1 wt% GO-WO3/TiO2 composite is shown in Fig. 6, which providing its chemical state, type, composition and 
element chemical combined-states [36]. All binding energies conducted in the XPS experiments are trued by referencing C1s peak. 
From Fig. 6a, one can see it clearly that four elements, C, Ti, W and O, exist in the composite, which is consistent with EDS and XRD 
results. The main peaks of C 1s are resolved and can be fitted into three peaks, including C-C &C=O&C-H (284.40 eV), C-O (286.21 eV) 
and O-C=O (288.20 eV), as shown in Fig. 6b [37]. Fig. 6c is the Ti 2p deconvolution spectrum of the composite, and the peaks situated 
at 458.45 eV and 464.14 eV are ascribed to Ti 2p3/2 and Ti 2p1/2, which confirm the presence of Ti4+ [38] in the composite. The two 
peaks at W 4f7/2 and W 4f5/2 are agreement with the spin-orbit splitting of W 4f, and they are distributed at 35.35 eV and 37.18 eV, 
separately (Fig. 6d), suggesting that the main chemical state of W in the photocatalysts is hexavalent [39]. Fig. 6e shows the XPS 
spectrum of O 1s, in which four chemical bonds can be fitted. The peaks around 530.20 eV and 531.45 eV are ascribed to Ti-O and W-O 
bonding, while the peak at 529.57 eV represents W-O-Ti bond. The binding energy of 532.34 eV is ascribed to C-O bond [36,40]. These 
findings demonstrate that W-O-Ti bonds and WO3/TiO2 heterojunctions exist in the GO-WO3/TiO2 composite.

Fig. 6. The XPS spectra of 1 wt% GO-WO3/TiO2 composite 
(a) whole spectrum of the composite; (b) C 1s; (c) Ti 2p; (d) W 4f; (e) O 1s.
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3.8. BET analysis

The N2 adsorption-desorption isotherms of the WO3/TiO2, 0.5 wt% GO-WO3/TiO2 and 1.0 wt% GO-WO3/TiO2 composites are 
shown in Fig. 7, in which the slope of the curves is gentle and the adsorption amount of gas is small in its low-pressure area, while in its 
high-pressure area, obvious H2 hysteresis loops can be seen. It is generally believed that the existence of H2 hysteresis loops is caused 
by porous adsorbent or uniform particle accumulation holes, which indicates that the porosity of the composites are interstitial pore 
formed by the nanoparticle accumulation of the composites. In the high-pressure area of the WO3/TiO2 composite, both H2 and H4 
hysteresis loops can be seen, as shown in Fig. 7a; while in that of the GO-WO3/TiO2 composite, no H4 hysteresis loops are observed, as 
shown in Fig. 7b and c. This can be attributed to the modification of the microstructure of WO3/TiO2 composite after the addition of GO 
on the surface of the WO3/TiO2 microspheres, as shown in the SEM image in Fig. 2c.

The distributions of the pore sizes in the composite membranes are shown in the inserts in Fig. 7. The pore sizes range from 2 to 35 
nm with an average size around 5 nm, as shown in Table 1. This indicates that the composites are mesoporous. The BET specific surface 
areas of 0.5 and 1.0 wt% GO-WO3/TiO2 composites are 66.6 and 80.7 m2 g− 1, respectively, which are bigger than that of WO3/TiO2 
composite (58.8 m2 g− 1), as shown in Table 2. The enlargement of its specific surface area can not only improve its adsorption 
property, but also provide more active sites to enhance its catalytic property [34].

3.9. UV–vis diffuse reflection spectra

Fig. 8a shows the diffuse reflection spectra of the WO3/TiO2 and GO-WO3/TiO2 composites, and Fig. 8b shows their forbidden band 
widths converted according to the corresponding "Kubelka-Munk" formula [41]. As can be seen from Fig. 8a, all the samples have 
stronger absorption in UV region, while relatively weaker absorption in visible region. The absorption intensity of the WO3/TiO2 
composite is the weakest among all the composites; as the increases of GO in the GO-WO3/TiO2 composites from 0.5 wt% to 1.0 wt%, 
their absorption intensities increase in visible region. When their GO percentages increase from 1.0 wt% to 1.5 wt%, their absorption 
intensities decrease in visible region. Finally, as the increasing of GO further from 1.5 wt% to 2.0 wt%, their absorption intensities 
increase again in visible region. The absorption intensity of the composite containing 1.0 wt% of GO is the strongest in visible region 
among the composites with different contents of GO, as our experiments concerned. These results indicate that the content of GO in 
GO-WO3/TiO2 affects the absorption, as the absorption peak exhibits red and blue shifts depending on the GO content. This may be due 
to the combination of GO with semiconductor, indicating that a certain degree of chemical interaction occurs between semiconductor 
and GO, resulting in the formation of M − C or M-O-M-(M represents metal) chemical bond on the surface, or even at a certain depth 
near the interface between GO and semiconductor [42]. This kind of bond is like carbon doping into semiconductor, introducing 
energy levels and consequently leading to the narrowing of the energy band gap of the semiconductor. This causes a certain degree of 
red shift extending the response range to visible light [43]. As can be seen from Fig. 8b, the forbidden bandwidth of the WO3/TiO2 
composite is 2.92 eV, while that of the GO-WO3/TiO2 composites is related to their content of GO. When their contents of GO are 0.5 wt 
%, 1.0 wt%, 1.5 wt% and 2.0 wt%, their forbidden band widths are 2.88, 2.30, 2.71 and 2.82 eV, respectively. These findings indicate 
that as the increasing of GO content, their forbidden band widths decrease at first and then increase. Based on the above findings, one 
point can be concluded that the content of GO in the composites has a great influence on their absorptive ability for light, and its 
appropriate content is around 1.0 wt%.

3.10. Photocatalytic performance under visible light irradiation

The transient photocurrent responses curves of the membrane photo-anodes with different GO contents are shown in Fig. 9, from 
which the photocurrent densities of the anodes with different contents of GO, 0.0, 0.5, 1.0, 1.5 and 2.0 wt%, are 20.8, 27.0, 48.0, 40.0, 
33.0 and 24.0 μA•cm− 2, respectively. The order of their photocurrent density is 1.0 wt% GO-WO3/TiO2>1.5 wt% GO-WO3/TiO2>2.0 
wt% GO-WO3/TiO2>0.5 wt% GO-WO3/TiO2>WO3/TiO2, indicating that the addition of GO into the anodes can enhance significantly 
their photocurrent response, while their photocurrent densities increase at first and then decrease as the increasing of GO content. 

Fig. 7. The N2 adsorption–desorption isotherms and the corresponding pore size distribution of GO-WO3/TiO2 composites with different contents of 
GO. (a) 0.0 % (WO3/TiO2); (b) 0.5 wt%; (c) 1.0 wt%.
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These findings imply that an appropriate amount of GO added in the anode can effectively promote its separation rate and utilization 
rate of photo-induced carriers, thus improving its photocurrent response.

The photo-electrocatalytic degradation of MO by the membrane photo-anodes with different contents of GO under sunlight irra-
diation is shown in Fig. 10a. It can be observed that when the anodes containing 0.0, 0.5, 1.0, 1.5 and 2.0 wt% of GO, their photo- 
electrocatalytic degradation rates for MO are 39.6 %, 44.1 %, 70.3 %, 65.4 %, 54.8 %, respectively, under the irradiation of stimu-
lated sunlight for 120 min. Moreover, during the photo-electrocatalytic degradation process, GO-WO3/TiO2 membrane photo-anodes 
with different GO contents are stable in MO solution and do not fall off at least after five consecutive repetitions of the experiment. 
These findings indicate that the order of their photo-electrocatalytic activity is 1.0 wt% GO-WO3/TiO2>1.5 wt% GO-WO3/TiO2>2.0 
wt% GO-WO3/TiO2>0.5 wt% GO-WO3/TiO2>WO3/TiO2. The order is consistent with that of the transient photocurrent responses 
(Fig. 9). This can be attributed to the fact that when the content of GO exceeds a certain amount it becomes a recombination center for 
photo-induced electrons and holes resulting in a low photo-electrocatalytic degradation [42].

According to reference [44], the degradation reaction of TiO2 for low-concentration dyes conforms to the first-order kinetic 
process: ln (c0/c) = k•t (where c0 and c represent the concentrations of MO in the degradation liquid at initial time and time t, 
respectively, and t is the reaction time; k is the reaction rate constant). The kinetic curves of the photocatalytic degradation for MO in 

Table 2 
The BET results of WO3/TiO2 and GO-WO3/TiO2 composites.

Sample ABET/m2/g Average diameter/nm

WO3/TiO2 58.8 5.0
0.5 wt% GO-WO3/TiO2 66.6 5.4
1.0 wt% GO-WO3/TiO2 80.7 4.8

Fig. 8. The UV–vis diffuse reflectance spectra (a) and the curves of forbidden bandwidth (b) of the composites.

Fig. 9. The transient photocurrent of the GO-WO3/TiO2 membrane photo-anodes with different contents of GO (a) 0.0 % (WO3/TiO2); (b) 0.5 wt%; 
(c) 1.0 wt%; (d) 1.5 wt%; (e) 2.0 wt%.
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the presence of different samples were shown in Fig. 10b, from which one can see it clearly that ln(c0/c) has a linear relationship with 
time t, indicating the degradation of MO obeys to a first-order kinetic process. The k (min− 1) values for WO3/TiO2, 0.5 wt% 
GO-WO3/TiO2, 1.0 wt% GO-WO3/TiO2, 1.5 wt% GO-WO3/TiO2 and 2.0 wt% GO-WO3/TiO2 composites are 0.00420 min− 1, 0.00482 
min− 1, 0.00997 min− 1, 0.00899 min− 1 and 0.00660 min− 1, respectively. These findings show that the photocatalytic activity of 1.0 wt 
% GO-WO3/TiO2 composite is the highest among all the samples.

The effect of bias voltage on the photo-electrocatalytic degradation efficiency of the anode with 1.0 wt% of GO is shown in Fig. 10c. 
It can be seen clearly that under the irradiation of stimulated sunlight for 120 min, when no bias added, its photocatalytic degradation 
rate is 44.9 % only; when the external bias applied, its photo-electrocatalytic degradation rate increases to 70.3 %. These findings 
indicate that the catalytic performance of the anode increase nearly 56.6 % when a bias voltage of 0.5 V is applied. It can be attributed 
to the fact that electrons move along the external circuit easily, efficiently, and stably under voltage bias during photo-electrocatalysis, 
which may be due to the presence of GO between two WO3/TiO2 microspheres and acts as a bridge between them, as shown in Fig. 2. 
This can promote the separation rate of photo-induced electron and hole pairs [4], thus enhance the yield of photo-induced hole and 
hydroxyl radical, and resulting in the improvement of photo-electrocatalytic efficiency.

3.11. Discussion

The formation mechanism of the hollow porous structure of the microsphere by spray drying process can be summarized as fol-
lowings: the solution containing titanyl sulfate (TiOSO4) and ammonium metatungstate (AMT) is stable under the aids of a suitable 
amount of citric acid (CA) and ammonia water (NH3⋅H2O), as shown in Fig. 11a; when the solution was sent into the spray-dryer, its 
droplets are in full contact with the hot air, the temperature of the droplets increased rapidly, and the surface water, CA and NH3⋅H2O 
evaporates, at this time, TiOSO4 hydrolyzes, resulting TiO2 formation, and AMT presents as crystallite, as shown in Fig. 11b; as the 
water evaporating from the droplet, the TiO2 and AMT crystallite contact with each other, resulting the formation of hollow micro-
sphere, as shown in Fig. 11c; in this case, when the concentrations of TiOSO4 and AMT are high enough, more and more TiO2 and AMT 
crystallite aggregate from the inner to outer of the droplet, resulting the thickness increase of the hollow microsphere, as shown in 
Fig. 11d; when the hollow microsphere was calcined, the AMT in the hollow microsphere decomposes, resulting the evaporation of 
NH3 and formation of WO3, and the formation of mesopore in the microsphere, thus increases its porosity, as shown in Fig. 11e.

The comparison of the degradation efficiency between the GO-WO3/TiO2 membrane photo-anode and other similar photocatalysts 
reported in the literature are listed in Table 3. From Table 3, one can see it clearly, when compared to C-TiO2/WO3 photocatalyst [45], 
the GO-WO3/TiO2 membrane photo-anode exhibits a higher degradation efficiency, even though both have similar structure; when 
compared to TiO2/WO3/GO photocatalyst [36], though its structure and catalytic performance are similar to that of the GO-WO3/TiO2 
membrane photo-anode, but its practical application effect is relatively low for it was irradiated by UV-light, whose energy is higher 
than visible light’s. The TiO2 (001)/GO nanocomposite reported in reference 46 exhibits a better degradation performance, but its 
band gap is relatively wide, a light with a higher energy is needed to excite it. That’s the reason why LED lamp was used as a light 
source in reference 46. Because the wavelength of LED lamp is 450–460 nm, which is shorter than that MB can absorb maximum, and 
the light energy of LED lamp is 2.70–2.76 eV, which is higher than the band gap (3.13 eV) of the TiO2 (001)/GO nanocomposite 
reported in reference 46, resulting in electron-hole pairs can be excited from the composite much easily, thus enable it to exhibit higher 
degradation performance. The TiO2 (001)/GO nanocomposite reported in reference 47 display a similar degradation performance with 
the GO-WO3/TiO2 membrane photo-anode, but its band gap is relatively low. In addition, both TiO2 (001)/GO nanocomposites are 
difficult to recycle for secondary use. Based on the above results and discussions, one point can be concluded that the GO-WO3/TiO2 
membrane photo-anode has a higher photo-degradation efficiency and a better promising future in industrial application.

The improvement of the photocatalytic activity of the GO-WO3/TiO2 membrane photo-anode can be ascribed to the synergistic 
effect of two facts: a) The formation of the WO3/TiO2 junction, and b) its modification by adding GO. The formation of the WO3/TiO2 
expands the range of the response spectrum. Under the irradiation of sunlight, photo-induced electrons in the conduction band of TiO2 
tend to transfer into that of WO3, and a lot of positively charged holes in the valence band of WO3 will transfer into that of TiO2 at the 

Fig. 10. The photo-electrocatalytic degradation for methyl orange by the membrane photo-anodes with different contents of GO under the irra-
diation of sunlight (a) and their corresponding degradation kinetics (b); Effect of bias voltage (c) on the photo-electrocatalytic degradation of 1 wt% 
GO-WO3/TiO2 membrane photo-anodes for methyl orange.
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same time. Thus, the photo-induced electron and hole can transfer across the interface between WO3 and TiO2 in different directions as 
shown in Fig. 12. Thus, the presence of the heterojunction leads to a reduction of recombination rate of the photo-induced electron- 
hole pairs. According to the results of SEM, TEM, STEM-EDS Mapping and KPFM of the GO-WO3/TiO2 composite, GO distributes on the 
outer surface of the WO3/TiO2 microspheres, acting as a bridge between different microspheres, connecting them, as shown in Fig. 12. 
On one hand, as the conductivity of GO is excellent, the GO bridge can facilitate the transportation of the photo-induced electrons from 
the conduction band of TiO2 to that of WO3, and promote the separation rate of the photo-induced carriers effectively. On the other 
hand, the addition of GO can increase the specific surface area of the anode and improve its adsorption ability. Furthermore, the GO- 
WO3/TiO2 composite, fabricated by a two-step spray drying method, has hollow mesoporous structure, enabling adsorption of larger 
amounts of pollutant molecules, which can diffuse to the surface of the microspheres by the chemical potential, thus resulting in a 
higher concentration of pollutant molecules around the active sites of the electrode during photo-electrocatalysis. This increases the 
photo-electrocatalytic efficiency of the membrane electrode for the degradation of the pollutant molecules.

4. Conclusions

The GO-WO3/TiO2 composites with hollow mesoporous structures are successfully prepared by a two-step spray drying method, 
and are coated onto ITO conductive glass by a scraping and coating method to form a membrane photo-anode. The membrane photo- 
anode of the GO-WO3/TiO2 composite exhibits excellent photo-electrocatalytic activity under the irradiation of sunlight. An external 
voltage bias can promote the separation rate of photo-induced electron-hole pairs, and improve the catalytic performance of the anode 

Fig. 11. The mechanism of hollow particles by spray drying process.

Table 3 
The comparison of the photocatalytic activity of different photocatalysts.

Photocatalyst Light Solution Degradation rate Reaction rate constant(min− 1) Eg(eV) Reference

C-TiO2/WO3 Visible light MB 54.00 % 3 h 3.50 × 10− 3 / [45]
TiO2/WO3/GO UV-light MO 74.00 % 2 h / 2.32 [36]
TiO2 (001)/GO LED Lamp MB 95.00 % 0.2 h 324.70 × 10− 3 3.13 [46]
TiO2 (001)/GO Visible light MB 51.30 % 1 h 12.40 × 10− 3 2.72 [47]
GO-WO3/TiO2 Visible light MO 70.30 % 2 h 9.97 × 10− 3 2.30 This work

Fig. 12. The schematic illustration of the mechanism for the degradation improvement of the hollow mesoporous GO-WO3/TiO2 membrane 
photo-anode.
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near 56.6 %. WO3 composited with TiO2 can improve the photocatalytic activity of the WO3/TiO2 membrane photo-anode syner-
gistically for a heterojunction structure formed between WO3 and TiO2, thus reducing the recombination rate of electron-hole pairs. 
GO modifies the outer surface of WO3/TiO2 microspheres and connects them closely, enhancing the transportation of photo-induced 
electrons from the conduction band of TiO2 to that of WO3 along GO easily and efficiently. Furthermore, the addition of GO can in-
crease the specific surface area and improve the concentration of pollutant molecules around the active sites of the WO3/TiO2 
composite, and facilitate the photo-electrocatalytic process. GO modification is a promising approach to enhance the photo- 
electrocatalytic activity of GO-WO3/TiO2 composite, and membrane photo-anode is a promising approach to recycle and reuse 
nanoscale powder in water treatment and can be exploited in industrial application.
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